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Abstract

With the increasing demands placed on our society to perform better for longer, in addition to the large increase in the old segment of our
population, a race has begun to forestall or reverse the ubiquitous declines that emerge from growing old. Currently, little is known about
the mechanisms responsible for the neuronal degeneration seen during both normal aging and neurodegenerative disease; however, amor
the prime candidates responsible for producing these effects are free radicals. It has been hypothesized that brain aging results from a
progressive inability to cope with such insults as oxidative stress and inflammation. As a result, this inability provides a fertile environment
for the subsequent development of neurodegenerative disease. Therefore, if the preservation of neuronal function and associated cognitive
and motor performance during aging will enhance the probability of aging successfully, then it is of crucial importance to find ways to
preserve or decrease the responsiveness of the brain to these insults. The purpose of this review is to discuss two strategies, caloric restrictiol
and antioxidant supplementation (through foods and supplements), both proven to be successful at protecting the brain from age-related
oxidative insults. The two interventions will be compared and contrasted in terms of their effectiveness, safety, and generalization capacity
for human treatment.
© 2002 Elsevier Science Inc. All rights reserved.
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1. Introduction sources of reactive oxygen species (ROS). As our protec-
tive antioxidant system becomes less effici@lt206]these

The coming of age of the baby boom generation as well species can react and damage critical biological molecules in
as the current social demands to perform better and longerthe brain, such as proteifi02], cell membrane lipidf230],
have begun the race to forestall or reverse the ubiquitous de-and nucleic acids such as DNA and RN&L1]. For exam-
clines that emerge from growing old. Of particular interest ple, ROS has been shown to increase the rate of apoptotic
are the diseases that increase in frequency as a function ofell death and therefore, shift the cell death/proliferation ra-
age. These range from cancer to nervous system-related ill-tio of different CNS cell type§l11]. It has been speculated
nesses like Alzheimer’'s (AD) or Parkinson’s disease (PD). that this increase in apoptotic cell death may be due to DNA
By the year 2050, 30% of the total population will be over fragmentation produced by free radical insifts 36], since
65 years of age, and it is likely that the majority will show both during aging and in certain neurodegenerative patholo-
the correspondent motor and cognitive changes that are asgies (AD and PD), the levels of cellular protein oxidation,
sociated with old age. Currently, little is known about the DNA damage and mutations are increag2til].
mechanisms responsible for the neuronal degeneration seen Interestingly, in this regard studies have shown that in
during both normal aging and neurodegenerative diseasegcertain areas of the brain, where there is a close associa-
however, among the prime candidates responsible for pro-tion among the levels of oxidants, such as dopamine, the

ducing these effects are free radicals. amount of DNA deletion and the amount of free radical
The free radical hypothesis postulates that both physical damage[32], there are also functional losses. For exam-
and neuronal degeneration seen during normal aging] ple, oxotremorine enhancement of striatal dopamine release

or in diseases such as AB6] and PD[90] may be due to  (KTERDA), a measure of muscarinic receptor sensitivity,
the increased vulnerability to metabolic and extra-metabolic has been shown to significantly decline with §&4,96,99]
Similar declines have also been shown when striatal slices

* Corresponding author. Telt 1-617-556-3178; fax:-1-617-556-3222.  are exposed to hydrogen peroxide, a potent ROS-generating
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More importantly, however, is the fact that this damage development of neurodegenerative disease. In this regard,
has been able to be reversed via antioxidant treatfd@t recent research indicates that oxidative stress in one of the
In vitro treatment of cerebellar granule neurons with the earliest alterations in ADL67] and serves as one, of several,
free radical scavenger melatonin has been shown to limitinitiators of the diseas63]. Therefore, if the preservation
apoptotic cell death induced by the intracellular withdrawal of neuronal function and associated cognitive and motor per-
of K* [210]. Cell culture studies have also demonstrated formance well into old age will enhance the probability of
a strong association between oxidative stresses, decreasesuccessful aging, then it would be of extreme importance to
levels of glutathione, a potent free radical scavenger, andfind ways to preserve or decrease the responsiveness of the
cell death. Moreover, Taglialatela et gdR28] exposed brain to these insults. The purpose of this review is to discuss
2-day-old rats to an atmosphere of 95% oxygen and treatedtwo strategies that have been employed that may have this
them with buthionine sulfoximine (BSO), a glutathione effect. One of these, involving caloric restriction (CR), has
inhibitor. The brains of the subjects that were exposed to been around for many years and appears to exert its positive
both hyperoxia and limited antioxidant protection showed benefits by enhancing endogenous protection against insults
increased levels of brain apoptosis when compared tosuch as oxidative stress. The other is much less studied but
controls. is directed toward achieving the same ends by increasing the

Endogenous antioxidants are also present in the devel-dietary intake of antioxidants through foods and antioxidant
oping brain, and their levels have been shown to decreasesupplementation.
in concentration during aging. For example, both ascor- The present article will critically review and contrast the
bic acid and glutathione exist in high intracellular concen- pros and cons of these two strategies in order to not only
trations in the fetal rat braifit91]. Moreover, cultures of  evaluate their effectiveness, but also to contrast their safety
fetal mesencephalic cells treated with ascorbic acid for 7-14 and generalization capacity for human treatment.
days showed marked increases in glial proliferation and in-
creased neurite growth. Nevertheless, as mentioned earlier,
research indicates that the endogenous antioxidant levels ir2. Caloric restriction
senescent rats are reduced in areas such as the hippocam-
pus, cortex and striatuf259], and human studies support Research suggests that CR decreases sensitivity to oxida-
these findings. Overall, the plasma concentration of antioxi- tive stress by: (a) lowering the metabolic rate with subse-
dant enzymes has been shown to be reduced in both normatjuent reductions in ROS generation and (b) increasing the
old humans and subjects affected by neurodegenerative discapacity of the body to face these insults by exposure to
ease[70,217] In addition, neuronal studies performed on mild stresg148].
tissue of AD patients have shown increased OS and dam- There are awide variety of methods by which CR has been
age to proteins such as tau and neurofilam¢t$] and implemented, all with some degree of success. Methodo-
A-B-mediated OS-induced cell apoptof2d 2]. logies range from alternate day feeding, in which the

One other factor that is important here is that oxida- animals are fed 100% every other day, to daily feeding
tive stress is a rather “Gemini twin” of inflammation, and using caloric-reduction (40—-60% of regular diet). Similarly,
there is a considerable amount of evidence to suggest thalCR regimens vary in length of treatment, ranging from
even as the brain shows increased vulnerability to oxida- short-term protocols (3 months) to life-long restriction,
tive stress in aging, it also shows enhanced sensitivity to where the animals are placed on a CR diet shortly after
inflammation. To this end, Manev and Uz43] showed weaning or during the first few months of life and kept on
increased sensitivity of old rats to kainate-induced excito- it until they reach senescencéaple J).
toxic brain injuries and enhanced 5-lipoxygenase expression Striking evidence of the beneficial effects of food restric-
in limbic structures. Such increases in inflammatory reac- tion comes from the fact that it extends life span in animals
tions involve the subsequent expression of such inflamma-such as micg19,209,218] rats [45,84,106]and primates
tory mediators as cytokines, complement proteins, and ad-[198]. For example, Laroque et gi120] examined the ef-
hesion molecules. These inflammatory mediators, in turn, fects of ad lib (AL) feeding and moderate dietary restriction
may enhance OS and initiate putative detrimental neuronal Sprague—Dawley rats and found that the 2-year survival rate
glial interactions that result in the loss of neuronal function was 80 and 74% in food-restricted males and females, re-
[196,205,223,224,245More importantly, just as has been spectively, and 28 and 38% in AL-fed males and females,
seen with respect to OS, these inflammatory mediators mayrespectively. Moreover, the authors found no correlation be-
become further enhanced in neurodegenerative diseases sudiween initial body weight and 2 years survival in either group
as AD[194,196] For example, gliosis is a feature common of rats, suggesting that the important factor may be total
to virtually every neurodegenerative disease (e.g. multiple adult food intake and not initial body weight.
sclerosis, AD or prion diseagb4,156). Kim and Choi[110] evaluated the effect of dietary re-

Thus, it may be that the aged brain, through its inabil- striction on life span and oxidative stress of SAMP8 mice
ity to cope with such insults as oxidative stress and inflam- (a model of dementia) and found that median and maximal
mation, provides a fertile environment for the subsequent life spans were significantly increased (28.5 and 16.4%,



Table 1
Methodologies used in CR studies

Author Publication

Start feeding

Duration feeding

Method CR

Conclusion

Acute CR studies

Pedersen et al. Brain Res. 833, 117-220

Zhu et al. Brain Res. 842, 224-229
Duan et al. J. Neurochem. 76, 619-626
Duan et al. J. Mol. Neurosci. 16, 1-12

Ehrenfried et al. Ann. Surg. 223, 592-599

Fang Yu et al. J. Neurosci. Res. 57, 830-839

Guo et al. J. Neurochem. 75, 314-320
Lee et al. Exp. Neurol. 166, 435-441
Lee et al. J. Neurosci. Res. 57, 48-61
Lee et al. J. Mol. Neurosci. 15, 99-108

Aging studies
Dubey et al. Arch. Biochem. Biophys.

Diao et al. Brain Res. 763, 276-280

Dorner et al. Brain Res. 726, 198-206

Eckles-Smith et al. Mol. Brain Res. 78, 154-162

Gabbita et al. Free Radic. Biol. Med. 23, 191-201
Major et al. Neurobiol. Aging 18, 523-526
Melov et al. Nucl. Acids Res. 25, 974-982

Neuroscience 89, 687—-699
Mech. Aging Dev. 92, 133-142

Morgan et al.
Prapurna et al.

6-week-old mice
6-week-old mice
2-month-old mice
3-month-old rats
22-26-month old

1-month-old rats
3-month-old rats

3-month-old rats

2-DG protocol
3-month-old rats

3-6-month-old rats
4-month-old rats

3- and 10-month-old
rats

Alfter weaning
4-month-old mice
6-week-old rats
After weaning
3-month-old rats

6-month-old/
22-month-old rats

Until ALS appeared
236 days
3 months
3 months
3 months

8 weeks

3 months
3 months

3 months

3 months

12-17 months/reversal
1-6 weeks

20-24 months

18 months

22-29 months or 3—-6
months

2-21 months

24 months

Until 32 months of age

21 months
22 months and 8 weeks

Alternate day feeding
Alternate day feeding
Alternate day feeding
Alternate day feeding
60% caloric intake of AL rats

Alternate day feeding
Alternate day feeding

Alternate day feeding

Alternate day feeding

60% caloric intake of AL rats

Diet with 40% of caloric
content of AL diet

3 days CR/4 AL for 16-month
then 2 days CR/5 AL for 2
months then AL

NIA caloric restricted mice

NIA caloric restricted mice
15 g per day (50% of AL intake)
No information

NIA caloric restricted mice
50% cal intake of AL rats

No effect on ALS

Diet benefits ps-1 OS damage in
hippocampal slices

Increased BDNF expression and decreased
vulnerability to kianate damage

Increased BDNF expression and decreased
seizure damage

HSP-70 protein and RNA increases in
stomach and duodenum

Ameliorates Ischemia

Cortical synaptosomes protected from OS
by increasing glucose and glutamate uptake
apoE

Produces similar effects to those of CR
Increased survival of new hippocampal
cells and BDNF expression

Decreases age-related increments in OS
Increases evoked DA overflow

Increases already high levels of fibronectin
in brains of old rats

Prevents age-related LTP and NMDA
receptor subunit NR1deficits

Attenuates age-related membrane fluidity
but does not limit oxy-radical production
Attenuates GFAP mRNA expression in
aged rats

Decreases the number of age-related
mtDNA species (Southern blot)
Decreases glial hyperactivity in aged rats
DNA polymerase increase is dependent on
onset and length of CR

Feeding beginning time, duration of regimen and results acquired using acute and chronic protocols.
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respectively) by CR. Similarly, the authors used graded Also found in aged brain and neurodegenerated tissue
scores in order to quantify the degree of senescence in theis the accumulation of iron, a pro-oxidant transition metal
subjects and found that CR improved these scores two-fold[213]. In this regard, Choi et a[29] measured iron con-
when compared to AL-fed animals. Moreover, oxidative tent and ferritin levels in the synaptosomes isolated from
stress measurements illustrated that both superoxide andhe frontal cortices of aged male Fischer 344 rats fed AL
lipofuscin levels were significantly lowered at 12 months in or under a food restriction regimen. Comparison of lipid
the CR mice as compared to control-fed animals. Similar peroxide content and peroxidizability of synaptosomal fatty
findings were seen with respect to superoxide levels at 4 acids between CR and AL-fed groups demonstrated that CR
and 8 months as well, indicating that CR may be effective rats showed more effective suppression of free radical pro-
in reducing free radical levels. duction in the brain synaptosomes. Moreover, lipid peroxide

Numerous studies have also demonstrated the capacity ofand accumulations of total iron and ferritin in brain synapto-
CR to modulate various oxidative stress parameters in thesomes of the CR group were also shown to be significantly
brain. These studies range from oxidative stress attenuationower than those of AL-fed rats.

by CR on the levels of DNA damagd220], oxidative stress Cook and Yu[31] determined total iron content and ox-
markers[57,219]and iron depositiofi29,31], to increasing idative stress levels, as measured by lipid peroxidation, on
the levels of antioxidant enzym@4$3,246] the kidney, liver and brain of male Fischer 344 rats. CR

As mentioned earlier, free radical species can react andor AL-fed rats were sacrificed at 6, 12 and 24 months
damage critical biological molecules, including nucleic acids of age. Replicating Choi’'s results, the authors found that
such as DNA and RNA211], and current research suggests CR suppressed age-related increases in total iron content
that these insults can be attenuated by food restriction. Forand lipid peroxidation levels in the brain but not the other
example, Sohal et a[219] explored the role of molecu- organs.
lar oxidative damage and caloric intake in the aging pro- Furthermore, Sohal et g221] measured the concentra-
cess by comparing a product of DNA oxidation (8-OHdG) tions of bleomycin-chelatable iron and non-heme iron in
in five different tissues of mice (skeletal muscle, brain, various tissues and different regions of the brain of mice fed
heart, liver and kidney) as a function of age and in responseAL or a calorically restricted (to 60% of AL) diet at differ-
to dietary restriction. In this study, the authors found that ent ages. With regard to CR, the authors found that CR had
CR mice kept on 60% caloric intake as compared to the no effect on age-increased iron levels in the brain or heart,
AL-fed mice showed a lower concentration of 8-OHdG in but caused a marked increase in the concentration of both
all the tissues. Moreover, they also found that amelioration bleomycin-chelatable and non-heme iron in the liver and the
of DNA oxidative damage in the CR rats was greater in the kidney, thus contradicting previous reports of beneficial at-
post-mitotic tissues as compared to those undergoing slowtenuation of iron levels by CR.
mitoses.

In conjunction with this study the same grd20] exam- 2.1. Glucocorticoids
ined the response of oxidative damage, aging and life span
to variations in caloric intake. Results illustrated that CR  The above findings suggest that CR may be promoting
subjects exhibited a 43% extension in average life span andits beneficial effects by enhancing the capacity of the brain
a 61% prolongation in mortality rate doubling time when to withstand the insults from inflammation and oxidative
compared to AL-fed animals. Similarly, they found that the stress. However, paradoxically, CR has been shown to mildly
levels of various oxidative stress markers such as protein car-increase the levels of circulating corticosterojii483].
bonyl content, mitochondrial superoxide, and hydrogen per- Lee et al][126] examined the effects of food restriction on
oxide in the brain, heart, and kidney of mice (9, 17, and 23 the expression of the glucocorticoid receptors (GR) in vari-
months) were significantly greater in the AL-fed group when ous areas of the brain and found that the expression of this
compared to the CR group. Nevertheless, the authors failedreceptor was significantly decreased in food-restricted sub-
to find a clear-cut pattern of age-related or dietary-related jects, possibly via glucocorticoid-mediated-feedback sup-
changes in the levels of various antioxidant defenses (super-pression. More importantly, however, is the fact that GR have
oxide dismutase, catalase and glutathione peroxidase). been shown to negatively regulate the expression of sev-

In a similar study Xia et al246] determined the changes eral genes including those encoding heat-shock protein-70
in the activities of various antioxidant enzymes (Cu, Zn su- (HSP-70), which acts as a neuroprotective agent against ox-
peroxide dismutase, catalase and glutathione peroxidase) indative stress in the braif258]. Thus, it may be that the
liver, brain cortex, heart, kidney and intestinal mucosa ob- downregulation of GR in the presence of mild stress leads to
tained from 6-, 16- and 26-month-old male Fischer 344 rats increasing levels of these proteins, which then may protect
placed under life-long CR or fed AL. Contradicting Sohal's the brain from oxidative stress injuries.
results, they found that CR increased the activity of one or In this respect, studies have indicated an increased ex-
more of the antioxidant enzymes in the liver, brain cortex, pression of (HSP-70) as well as glucose-related protein-78
heart and kidney of the rats and reduced lipid peroxidation, (GRP-78) in synaptosomal preparations obtained from CR
which is usually found to increase with age. rats[72].
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2.2. Neurotrophins

Similarly, CR has also been shown to increase the levels

751

oxidative and metabolic insults via the induction of stress
proteins.
Similarly, Yu and Mattson[255] examined the impact

of other neuroprotective agents such as neurotrophic fac-of CR and 2-deoxyglucose on ischemic brain injury and

tors. While the exact role of these factors in the mature
nervous system is still unclear, it is known that brain de-
rived neurotrophin factor (BDNF) and other factors are pos-
itively regulated by neural activity such as by glutamate
[128] and acetylcholine releag&12], or negatively regu-
lated by GABA[256,257] thus suggesting that BDNF and
other neurotrophic factors may play a role in neuronal sig-
naling. Moreover, BDNF is highly expressed in the hip-
pocampus, a region with high levels of plasticity and that
has been shown to play a role in the induction of long-term
potentiation[114,179]

Duan et al[41] have reported that levels of BDNF are sig-

found that maintenance of adult rats on a CR regimen re-
sulted in reduced brain damage and improved behavioral
outcome in a middle cerebral artery occlusion—reperfusion
model (MCAO-R). Moreover, they also found that adminis-
tration of 2-DG to rats fed AL reduced ischemic brain dam-
age and improved behavioral outcome following MCAO-R.
Similarly, CR and 2-DG administration resulted in an in-
crease in the level of the stress protein HSP-70 in striatal
cells in vivo, and 2-DG treatment induced HSP-70 in cul-
tured neurons, again suggesting involvement of a precondi-
tioning stress response in the neuroprotective actions of CR
and 2-DG.

nificantly increased in the hippocampus, cerebral cortex, and Given the cited research, it is plausible that CR may be
striatum of CR as compared to AL-fed rats. Moreover, they exerting its effects, at least partially, via the reduction of
also found that CR significantly reduced the seizure-induced glucose that is available in the brain and concurrent en-
damage to hippocampal neurons, and this effect was dimin-ergy/metabolism changes that come with this profb48].
ished by intraventricular administration of a BDNF-blocking Nevertheless, various sources have contradicted this hypoth-
antibody, suggesting that manipulation of diet can affect ex- esis. Based on this hypothesis, if CR was to exert its effects
pression of a neurotrophic factor and that BDNF may play by reducing the levels of glucose availability, metabolic rate
a central role in the neuroprotective effects of CR. and mass would also show general reductions. However,
There is also evidence that by increasing BDNF levels various investigators have found metabolic rate levels to be
there are also associated increases in neurogenesis in ththe same in calorically restricted and AL-fed rodents, hence,
dentate gyrus of CR animals assessed via bromodeoxyuri-concluding that the Rate of Living Theory does not help ex-
dine[126]. These increases in neurogenesis appeared to replain the longer life span of the calorically restricted animal
sult from decreased death of newly produced cells, rather[46,147,150,241]
than from increased cell proliferation, and illustrate that CR  For example, McCarter and Palm@b60] measured daily
can affect neurogenesis by increasing the survival rates ofmetabolic rate under usual living conditions over the life
newly generated neurons via the release of BDNF. span of barrier-maintained Fischer 344 rats and of animals
that were food-restricted. Metabolic rate was measured indi-
rectly by analysis of gas entering and leaving standard rodent
cages over a 24-h period. The author found that both groups
From the findings discussed above, it appears that CRexhibited similar variations of metabolic rate per unit lean
can extend life span in rodents and has been reported to in-mass over the life span, with metabolic rate decreasing from
crease the resistance of neurons in the brain to excitotoxic6 to 18 months and then increasing from 18 to 24 months
and metabolic insults. Given these beneficial effects, it is of age. Thus, it would appear that the life-prolonging ac-
reasonable to assume that CR might forestall or at least slowtion of CR is not a consequence of reduced metabolic rate
down some of the deleterious effects of aging. However, it per unit metabolic mass, but rather that restricted rats were
is also clear that the employment of CR in humans may be able to sustain appropriate fluxes of nutrients and appropri-
a difficult task, therefore, recent research has focused uponate metabolic rate under conditions of fuel utilization, which
investigating the use of caloric mimetics that reduce glu- promote maintenance of cellular homeostasis.
cose availability to cells. Indeed, Lee et HI25] adminis- Nevertheless, itis the contention of Greenberg and Boozer
tered 2-deoxyp-glucose (2-DG), a non-analog of glucose, to [67] that previous accounts of reduced metabolic rates in
adult rats. This manipulation resulted in a highly significant these animals may not have been reliably calculated. In their
reduction in seizure-induced spatial memory deficits and study, the authors investigated the reliability of 10 different
hippocampal neuron loss. Moreover, when rat hippocampal estimates of metabolic mass (MM) in 21-month-old male
cell cultures were pretreated with glutamate anéfF-8-DG Fischer 344 rats fed three different diets to yield a wide range
decreased the vulnerability of neurons to excitotoxic and ox- of body compositions. The authors found that the combined
idative insults. Finally, 2-DG treatment increased levels of weight of the heart, liver, kidneys and brain (OW), ranked
the stress-responsive proteins GRP-78 and HSP-70 in hip-using strong correlation with daily caloric intake (DCI) and
pocampal neurons, without affecting levels of the apoptotic zero Y-intercept on the regression curve of DCI versus the
markers Bcl-2 or GRP-75, suggesting that mild reductions MM, was found to be the best estimate of MM. Moreover,
in glucose availability can increase neuronal resistance todata analyses of the differences in metabolic rate in the three

2.3. Caloric mimetics



752 G. Casadesus et al./Neurobiology of Aging 23 (2002) 747-769

groups of rats showed that the significance of these differ- reported negative effects. For example, Beatty ef18]
ences depended on the estimate of MM used. Therefore, beexamined the effects of CR in animals being fed on al-
cause previous investigators used other methods rather thaernate days (EOD) on the eight-arm radial arm maze.
a more reliable estimate such as OW, their finding that CR Subjects were kept on this schedule from 3 to 21 months
and AL-fed animals show no difference in metabolic rate of age and then were tested on the radial maze. When their

may have been premature. performance was compared to that of an aged group fed
AL and to 3-month-old controls the authors found that rats
2.4. Neurodegenerative diseases and CR fed AL until training adapted to the maze more slowly than

young controls and were impaired in acquiring accurate

Currently various models of neurodegenerative diseasesspatial memory. Moreover, it was shown that CR eliminated
such as AD and PD have been developed in order to elu-age-related differences in the initial rate of adaptation to
cidate the mechanisms of action and find a cure for thesethe radial maze but had no effect on the development of
disease$40,44,62] Recent reports suggest that CR may be accurate spatial memory at any of the retention intervals.
at least partially effective in retarding or reversing some of  Similarly, Stewart et al[225] examined the effect of
the changes seen in these animal models. For example, micéife-long 60% CR on performance in two tasks involving
transgenic for presenilin-1 (PS-1) mutations show increasedspatial memory, the eight-arm radial maze and the Morris
responsiveness to excitotoxic injU64], which is also seen  water maze. This study was performed in young and aged
during normal aging. However, CR has been shown to re- food-restricted and AL-fed Fischer 344 rats which were
duce the sensitivity of hippocampal CA1 and CA3 neurons compared at 8, 16, and 24 months of age on both tasks.
in CR mice when compared to animals fed AL. Moreover, Results for the eight-arm maze demonstrated that although
the levels of the lipid peroxidation following the excitotoxic 24-month-old animals performed more poorly than 8- and
insult have been found to be lower in CR/PS-1 mice com- 16-month-old animals during the first week of testing, over-
pared to mice fed AL, again suggesting that suppression of all accuracy of performance did not vary significantly as a
oxidative stress may be one mechanism underlying the neu-function of age. However, they also found that at the two
roprotective effect of CR. younger ages, restricted animals performed more quickly

Similar protection against neurotoxic injury has been than did AL-fed animals. In the Morris water maze, both
reported by Duan and Mattso0] who showed that  distance swum and time to find the platform increased with
MPTP-induced loss of dopaminergic neurons and deficits in age as well as in aged rats under life-long CR. Neverthe-
motor function were ameliorated in CR rats. This protection |ess, CR produced significant improvements in performance
was also seen in AL-fed rats administered the CR mimetic in the water maze in aged rats.
2-DG, and was expressed as improved motor performance Pitsikas et al[185] used a battery of tests to examine
following MPTP treatment. Since MPTP administration is the effects of CR on sensory—motor and cognitive behav-
used to model PD these findings suggest that CR or CRior in aged (24 months), adult (12 months), and young (4
mimetics may be useful tools in the study of this disease asmonths) rats kept on their respective diets from the age
well. of 3 weeks old until testing ended. Results illustrated an

However, not all the data involving the effects of CR in age-related deterioration of sensory—maotor functions, motil-
animal models of degenerative disease has been positiveity and exploratory activity in all the senescent animals in-
Pedersen et gl180] examined the effects of APP deposition dependent of diet. Moreover, AL-fed adults showed some
in mutant APP transgenic mice under CR conditions and deficits in spatial memory evaluated using the Morris water
found that APP mutant mice exhibited severe hypoglycemia maze test, as indicated by a slower learning curve. In aged
and death following CR. It appeared that the combination rats, both learning and memory utilization were impaired but
of APP mutations and CR-induced reactivity to stress that these cognitive deficiencies were absent in food-restricted
did not allow them to cope with the mild stress produced by groups.

APP deposition. Striatal function and behaviors associated with this
region, such as psychomotor performance and rotational be-
2.5. CR effects on cognitive behavior havior, have been shown to be sensitive to fa#93,101]

and have also been examined under CR parad[§695]

Given the benefits of CR in the brain, it is reasonable An early study carried out by Joseph and coworkers ex-
to assume that these benefits will translate into improved amined the effects of CR on striatally mediated rotational
behavioral outcomes for rats following this regimen. Never- behavior and stereotypy induced by intrastriatal admin-
theless, the literature on CR and behavior is rather scarce andstration of dopamine-excitatory or cholinergic-inhibitory
at times contradictive, which may illustrate the complexity agents in young and aged rats. The authors found that at
of the amount of variables that are present during aging.  low doses of these agents rotational behavior and stereotypy

Various studies have examined cognitive behavior in were improved under CR conditions, as shown by declines
animals subjected to CR using various tasks, some ofin these behaviors. However, at high doses animals under
which have reported positive effects and others, which have CR showed opposite effects, thus illustrating a possible
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specificity of effects of dietary restriction on striatal func- that induce these effects. Nevertheless, the studies in this
tioning and behavior in senescence. area are few and need replication in order to confirm these
Similarly, Ingram et al.[88] examined the effects of findings.
life-long CR in Female C3B10RF1 mice. The animals were  Overall, CR has been shown to successfully modulate
tested on a behavioral battery at 11-15 or 31-35 monthsa wide array of age-sensitive parameters. However, when
of age (middle-aged versus aged) and the authors foundexamining these studies, two issues become relevant: (1)
that age-related effects observed among control groups inthe magnitude and consistency of these effects, especially
tests of motor coordination (rotorod) and learning (complex in behavioral studies, shows high levels of variability across
maze) were prevented by the CR. Moreover, CR increasedstudies, and (2) that the onset of CR and the duration of
locomotor activity in a run-wheel cage among mice of both the regimen is important in the outcome. Various reports
ages but did not affect exploratory activity in a novel arena. illustrate that the most beneficial effects of CR are in-
Nevertheless, some reports suggest that the beneficial beduced when the animals are placed under this condition
havioral effects of CR, (especially on spatial behavior) are early in life (Table ). When dietary restriction is begun
dampened when the regimen is begun later on in[lifs. during mid-life the magnitude of these changes is reduced
For example, Means et gl151] examined the effects of [28,131,132,151,192,241Thus, these results illustrate that
CR in C57BL/6 mice that were placed under this regimen while CR has some benefits, its utility as an intervention,
starting at 14 months of age and ending at ages 22 and 2%specially in humans, may be limited.
months, at which point they were given a battery of be-
havioral tests. The authors found that midlife onset CR in-
creased longevity and preserved strength, coordination, and3. Dietary supplementation
spontaneous-alternation behavior and altered responses to
enclosed alleys. However, spatial discrimination in the Mor- ~ As alluded to above, there has been a great deal of
ris water maze and a spatial delayed matching-to-sampleinformation over the years which suggests that there are
water-escape task were insensitive to age and diet. increases in vulnerability to inflammatory and oxidative in-
Similarly, examination of the effects of long-term dietary sults in aging (se§75,99,100,133]and studies reviewed in
restriction (60% of ad libitum calories) on age-related al- the previous section indicate that CR may produce its ben-
teration of memory and sensorimotor function in Fischer eficial effects by decreasing the sensitivity to these insults.
344 male rats at 6, 12, 18, and 24 months demonstratedHowever, an impressive body of literature also suggests
that there was a similar decrease in reference memory ofthat similar protection may be afforded through alterations
calorie-restricted and AL-fed rats at 18 months, and perfor- in the intake of foods or supplements high in antioxidant
mance deficits in working memory tasks were equally ob- activity, and there have been a number of studies examining
served in both diet groups at the age of 24 months. This indi- the putative benefits of antioxidants in altering, reversing or
cates that diet failed to provide protection against age-relatedforestalling age-related and degenerative neuronal and be-

deficits in memory[144]. havioral deficit4103,104,121,137,184,190,216,25%hese
dietary manipulations have generally been focused upon
2.6. Summary and conclusions foods or supplements containing antioxidant compounds,

as well as vitamins such as E and C.

Close examination of the data reviewed above suggests
that CR has dramatic effects on oxidative stress parame-3.1. Vitamin E
ters[31,43,57,110,246hnd seems to induce neuroprotec-
tive mechanisms that are beneficial for neuronal cells and Vitamin E (Vit. E) has been one of the most studied
thus may be responsible for the beneficial effects seen inantioxidants. It is recognized as a major lipid soluble,
brain[72,126] CR regimens seem to reduce the production chain-breaking antioxidant, preventing lipid peroxidation,
of various free radicals. However, while it is thought that and protecting membrane integrity. Alpha-tocopherol is the
these reductions may be metabolism dependent, based omost efficient isoform of Vit. E that provides its antioxi-
the studies carried out using 2-deoxygluc@ke5,255] an dant efficacy[49] and the literature is replete with studies
agent that reduces glucose availability and thus mimics cer-showing the beneficial effects of Vit. E on immune function
tain aspects of CR, some researchers have demonstrated th§23,68,152,199,237]carcinogenesif5,174,175,177,229]

metabolic rate may not be altered by this reginj&h0]; and coronary artery disea$t78,239]in aging. However,
thus, the mechanism by which CR regimens produce their although there is a long, well-established history between
effects are unclear. neuronal function and Vit. E in early development (e.g.

Encouraging results of CR are also found in neurode- spinocerebellar degeneration induced via Vit. E deficiency
generative disease literature; studies using models of AD [74]), the results with respect to its efficacy in brain aging
[180,264]and PD[148] have shown that dietary restriction have been mixed.
may ameliorate the neurodegenerative-related symptomatol- Vit. E deficiency and supplementation appear to be two
ogy produced by autosomal mutations or injections of agentsextremes of the same continuum with respect to altering
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vulnerability to oxidative stress. Various studies have tissue prepared from rats fed on a diet supplemented with
demonstrated that Vit. E deficiency leads to increased levelsalpha-tocopherol for 12 weeks.
of oxidative stress damage in the brain. For example, in an Antioxidants can also function as powerful protectants
early study, Lal et al[117] used chronic Vit. E deficiency  for neurons in vitro. Beh[14] examined the neuroprotec-
to nutritionally induce central nervous system “aging” in tive activity of lipophilic free radical scavengers, synthetic
young and aged rats. Histological analysis of lipofuscin ac- alpha-tocopherol and natural alpha-tocopherol, against ox-
cumulation demonstrated that Vit. E-deficient animals had idative stress and compared their effects to the neuropro-
higher contents of this lipid peroxidation product in the hip- tective effect of the female sex hormone estradiol. The au-
pocampus than young and age-matched controls, thus illus-thor found that both types of alpha-tocopherol had greater
trating that the effects of Vit. E deficiency were greater than neuroprotective effects than J¥estradiol in mouse clonal
the effects of aging alone. These findings were found in par- hippocampal HT22 cells and rat cerebellar granule neurons.
allel to behavioral deficits as well as peripheral alterations. Moreover, he also found that natural alpha-tocopherol pro-
Similarly, in a more recent study, Macevilly and Muller tected neurons effectively against oxidative cell death caused
[139] examined parameters of endogenous lipid peroxida- by the amyloidg protein, hydrogen peroxide, and gluta-
tion and susceptibility to oxidative stress in neuronal tissues mate, and induced the activity of NFK-a redox-sensitive
obtained from 1-year-old Vit. E-deficient and control rats. transcription factor which is involved in the control of cell
The findings demonstrated that chronic Vit. E deficiency survival.
resulted in increased levels of endogenous lipid peroxida- Similar levels of neuroprotection by Vit. E have been
tion in neural tissues when compared to controls. They alsoshown in age-related oxidative stress parameters. For ex-
found that the susceptibility of neural tissues to in vitro ox- ample, Joseph et §B8] examined whether oxidative stress
idative stress was increased in Vit. E-deficient rats. It must sensitivity of aged-animal slices of striatum, a highly oxi-
be said, however, that the levels of susceptibility of different dizable region due to high levels of dopamine (DA) con-
brain regions to in vitro oxidative stress varied, showing the centration, could be attenuated by Vit. E supplementation
greatest susceptibility in cortex, striatum, and cerebellum. when inducing oxidative stress by incubation with reactive
Conversely, Vit. E supplementation has been asso- oxidative species. Results indicated that if the striatal tis-
ciated with the reduction of experimentally-induced or sue was incubated in either Trolox (alpha-tocopherol) or
age-associated oxidative stress. In a recent study carriecalpha-phenyh-tert-butyl nitrone (PBN), a nitrone spin trap,
out by llavazhagan et al87], the authors explored the prior to OS, the negative effects of NO and®} were re-
effect of Vit. E supplementation on various hematological versed in both age groups.
and biochemical parameters in hypoxia-induced oxidative It also appears that the neuroprotection provided by
stress in albino rats. Results illustrated that the increasesalpha-tocopherol may translate into alterations in neuronal
in hematocrit and hemoglobin and decreases in red bloodfunctioning. A recent study showed that impairments in the
cell deformability were reversed by Vit. E supplementa- ability to sustain long-term potentiation (LTP) in the dentate
tion. Moreover, they also demonstrated that hypoxia-related gyrus of aged animals were reversed by Vit. E supplemen-
decreases in plasma Vit. E, blood glutathione (GSH), and tation. Moreover, histological analysis of the tissue revealed
increases in plasma malondialdehyde levels were arrestedhat age-related increases in pland lipid peroxidation

by Vit. E supplementation. and decreases in membrane arachidonic acid concentration
Recently, Kheir-Eldin et a[107] have evaluated the abil-  were reversed with this treatmei63].
ity of Vit. E to protect the brain from inflammatory-induced In addition to its direct effects as a free radical scavenger,

oxidative stress by agents such as lipopolysaccharide (LPS)Vit. E can also enhance endogenous protective mechanisms
The administration of LPS injections in young rats resulted by the modulation of transcription factors such as AP-1 (ac-
in a significant increase in plasma corticosterone, glucosetivator protein-1) or nuclear factor kinase-B (NF-KB).
concentration, and changes in brain oxidative status as mea- In response to oxidative stress, the expression of a num-
sured by elevations in lipid peroxidation parameters and ber of genes mediated mitogen-activated protein kinases is
reductions of glutathione, as well as disturbances in brain increased and followed by stimulation of at least two tran-
energy metabolism. The authors found that treatment with scription factors, NF-KB and AP-1. Transcription factors
Vit. E prior to LPS injection ameliorated all the parameters such as AP-1 and NF-KB are responsible for a wide array
that had been altered by the administration of this endotoxin. of extracellular signaling molecules involved in inflamma-
Along these lines, O’donnell and Lyndh69] analyzed tion [122], tissue remodeling, oncogenesis and apoptosis
changes in enzymatic and non-enzymatic antioxidant lev- [208], all of which are known to orchestrate many of the de-
els, in parallel with interleukin-1beta (lig) concentration generative changes associated with aging. Nevertheless, the
in cortical tissue prepared from young and aged rats. In regulation of these transcription factors is complex. Mean-
this study, the authors found that age-related increases inwhile, the activation of AP-1 has been shown to initially
the activity of SOD, lipid peroxidation and llg@-concen- act as a potent antioxidant transcription fagtd??2], and its
trations, which are consistent with a compromised antiox- function, to be further potentiated by antioxidants such as
idant defense in the cortex of aged rats, were reversed inVit. E [9-11]. It has been hypothesized that the increase of
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oxidant overload during aging allows the inflammatory re- have questioned the statistical analyses of these investiga-
sponse of AP-1 to overtake its antioxidant response, giving tions[109,183] there are indications that factors such as the
rise to various age-related conditiofie22]. Interestingly, time of treatment initiation might be important in the effi-
during chronic oxidative stress conditions or under models cacy of this treatmen232].

of AP-1 activation, alpha-tocopherol has been reported to  Nevertheless, just as seen above with respect to CR, there
regulate AP-1 function as well as N& in the opposite are indications in pre-clinical investigations that Vit. E can
fashion. That is, by decreasing the levels of activation of modify the increases in oxidative stress induced via the
these transcription factof53,141]and thus preventing the  known pre-disposing factors relevant to AD. For example,
negative ramifications that are associated with prolonged Ramassamy et a[187] have recently examined the oxi-

activation of these transcription factors. dant/antioxidant status in hippocampus and frontal cortex of
apoE-deficient and wild-type mice at 3 and 13 months and
3.1.1. Vitamin E effects on behavior found decreased levels of alpha-tocopherol in apoE-deficient

Although sparse, studies concerned with the neuronal mice at these time points.
changes produced by oxidative stress and the capacity of Following a similar line of research, Reich et §89]
Vit. E to at least partially reverse the deleterious effects of examined apoE—antioxidant interactions by quantifying the
aging are also evident at a behavioral level. Supplementa-major isomers of cerebral isoprostanes derived from arachi-
tion with Vit. E has been shown to reverse age-related or donic acid (AA) and docosahexanoic acid (DHA) oxidation
oxidative-stress-induced cognitive and motor output in var- in aged male and female apoE-deficient and non-deficient
ious species. mice fed a normal, alpha-tocopherol-deficient, or -supple-
Ichitani et al.[86] supplemented rats from 1 to 25 months mented diet. Results indicated that cerebral arachidonic
of age with Vit. E and then tested them in a step-through oxidation was decreased by 28% in animals fed the supple-
passive avoidance task. In this case, results indicated thaimented diet. However, with the alpha-tocopherol-deficient
the supplemented group exhibited a trend toward higher la- diet, DHA oxidation was increased by 81%. Alpha-tocopherol
tencies in this task with respect to control subjects. supplementation decreased enhanced DHA oxidation but
More recently, Joseph et 4lL04] have examined the ef-  did not alter the increases in AA, indicating that dietary
fects of chronic Vit. E supplementation on cognitive behav- alpha-tocopherol effects may be selective with respect to
ior in aged rats using the Morris water maze task. This study AA and DHA oxidation in the aged male mouse.
demonstrated that 8-month supplementation with 5001U/kg  In a similar study, Veinbergs et a[233] determined
of Vit. E resulted in the rats swimming shorter distances to whether 12-month supplementation with Vit. E in young
reach the hidden platform, thus replicating previous reports apoE-deficient mice was neuroprotective and found that
illustrating the benefits of Vit. E supplementation on cogni- the mice that received the supplemented diet showed sig-
tive behavior. nificantly improved behavioral performance in the Morris
Evidence of the beneficial effects of Vit. E administration water maze. Moreover, improved behavioral output was
on cognitive behavior is also present in studies carried out associated with preservation of the dendritic structure and
in humans. There is evidence to suggest that oral daily sup-normal levels of lipid peroxidation and glutathione, when
plementation with 300 mg of Vit. E (and 1000 mg Vit. C) for compared to untreated apoE-deficient mice.
12 months improves short term memory and motor perfor-  In the case of the modification of in vitro B-toxicity,
mance in both males and femal@?22]. Moreover, people  just as seen with respect to GR2], Butterfield et al[22]
who took Vit. E (30 mg per day) for 6 years or more had demonstrated that Vit. E can positively modulate3f—
higher scores than controls on four of the cognitive measures40)-induced oxidative damage to creatine kinase and cellular

analyzed, such as visuospatial sk[ll€.6]. proteins in cultured embryonic hippocampal neurons.
Similarly, Subramaniam et gR27] used electron param-
3.1.2. Neurodegenerative disease and Vitamin E agnetic resonance studies of spin-labeled cortical synapto-

Given that Vit. E can reverse oxidative stress and age- somal membrane proteins to study conformational changes
induced deficits in various parameters, that neurodegen-in proteins, and spectrophotometric methods to examine mi-
erative diseases such as AD and PD are, at least partlytochondrial function, in order to study the effect of Vit. E
related to oxidative stress and related inflammatory on samples that were treated withAThe results indicated
processe$91,181,203,214]and that these diseases are su- that Vit. E could prevent the toxic effects of @in the vari-
perimposed upon an aged environment, it is reasonable toous parameters measured (e.g. increases in protein carbonyl
assume that Vit. E may be capable of reversing or attenuat-content).
ing some of the symptomatology seen in these diseases. As mentioned above, calcium homeostasis is also altered

In the case of AD, studies by Sano et[aD0,201]showed by A-B deposition. Huang et al83] used cultured cortical
that alpha-tocopherol, either with or without selegiline, in- cells to study the alterations in calcium homeostasis un-
creased the level of independence in patients and delayedierlying the neurotoxic effect of & and found that Vit.
the deterioration of their living performance, but did not E was effective in preventing the B-induced increases in
improve cognitive test scores. Although subsequent studiescytosolic free calcium (q?a“). In addition, Vit. E was also
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effective in preventing the subsequent cell death inducedin an additional study that assessed PD incidence and the
by this peptide, as assessed via several methods includingntake of supplemental Vit. [E35]. However, other studies
lactate dehydrogenase release. have failed to find any type of association between amount

The effects of AB neurotoxicity and the capacity of Vit.  of Vit. E intake and incidence of P[¥8,134,204]

E to block these effects has also been demonstrated in vivo. Clinical examinations have shown that the administration
Yamada et al[248] have demonstrated this neuroprotective of high doses of both Vit. C (3000 mg per day) and Vit. E
capacity by examining a battery of behaviors during contin- (3200 1U per day), when administered to PD patients 1-8
uous intracerebroventricular infusion of 4—42). In this years prior to the onset of levo-dopadopa) treatment, de-
study, the authors found that Y-maze and Morris water maze layed the need for this pharmacological treatment by 2—3
performance were significantly impaired ingvinfused rats years[50,52] Again, however, in additional clinical assess-
when compared to control rats. However, the repeated dailyments in which Vit. E (2000 IU per day) was combined with
administration of alpha-tocopherol orally 3 days before the selegiline (a monoamine oxidase inhibitor), effects were ob-
start of A infusion to the end of testing prevented the served only with selegiline but not Vit. E, and no effects of
behavioral deficits in both tasks, suggesting that treatmentthe treatment were seen in motor or cognitive performance
with antioxidants such as idebenone and alpha-tocopherol[1-5]. It should be noted that numerous methodological dif-
prevent learning and memory deficits caused bg.Arhus, ferences among the various studies should be examined fur-
although there are few pre-clinical mechanistic studies, it ther to determine the necessary conditions for the beneficial
would appear that there might be some benefit of Vit. E effects of Vit. E to be observed.

supplementation against B-toxicity or the enhanced sen-

sitivity to oxidative stress seen in apoE-deficient animals. 3.1.3. Summary and conclusions

Whether these findings can ultimately translate into clini-  From the literature reviewed above, it appears that Vit. E
cal efficacy in AD awaits further specification. Note, how- has some protective effects in reducing the damage created
ever, that methodological problems notwithstanding, there by oxidative stress and appears to be effective in aging and in
is some evidence from the studies of Sano ef2410,201] reducing toxicity to putative ROS-generating agents such as
studies of the clinical efficacy of Vit. E in AD, at least A-B. Moreover, studies reviewed above show that the ben-
initially. efits of Vit. E supplementation may be age-dependent and

Just as there is an oxidative stress componentin AD, italsoare observed in senescence, perhaps in some instances of
appears, as pointed out in the previous section, that oxidativeage-related neurodegenerative diseases. However, it is clear
stress is a major contributor to selective neuronal death inthat the onset, dose and duration of the Vit. E supplementa-
PD[108,203,260] Thus, it is reasonable to hypothesize that tion is of paramount importance.

Vit. E supplementation would also ameliorate the sympo-  Also relevant in this discussion is the fact that while Vit.
tomatology of PD. Indeed, Roghani and BehZ4#i5] have E may not exert full benefits on patients with degenerative
recently investigated the neuroprotective effect of Vit. E in disease a combination of antioxidants may be more effective
a standard model of PD, which employs unilateral intras- in forestalling these symptomatologies. A recent study by
triatal 6-hydroxydopamine (6-OHDA) lesions and assessesKontush et al[113] partially validates the findings of Sano
post-lesion apomorphine- and amphetamine-induced rota-et al. [200,201] Kontush and coworkers recently supple-
tional behavior. The results indicated that there were 74 andmented 10 AD patients/group daily for 1 month with either a
68% reductions in contraversive and ipsiversive rotations combination of 400 IU Vit. E and 1000 mg Vit. C, or 400 IU

in the E-injected group, respectively, as compared with the Vit. E alone. The results showed that the susceptibility of
vehicle-injected group. Tyrosine hydroxylase-immunohis- CSF and plasma lipoproteins to in vitro oxidation was sig-
tochemical analyses showed that the Vit. E-pretreated groupnificantly decreased in the group given the combination of
had a reduction of 18% in ipsilateral substantia nigra pars Vit. E and C. In contrast, although the supplementation with
compacta (SNC) cells, while the cell number dropped 53% Vit. E alone resulted in higher concentrations of this agent
in the non-treated lesioned group. In addition, retrograde- in CSF and plasma, no decreases were observed in lipopro-
labeled neurons in ipsilateral SNC were reduced by up to tein oxidizability. Clearly, the combination of antioxidants
30% in the pretreated group while the non-pretreated group (Vit. C and E) was more effective in providing antioxidant
showed reductions of 65%. protection. Similarly, in the studies by Faf50,51], the Vit.

To investigate the possible role of Vit. E in PD in humans, E and C combinations delayed the onset ofitiaopa treat-
both epidemiological and intervention studies have been un-ment. In this respect, combinations of antioxidants might
dertaken. The former investigated the correlation between provide greater protection than that afforded by a single an-
the intake of antioxidants and the incidence of PD, while the tioxidant, and this might be especially true in the case of the
latter examined the putative benefits of Vit. E in PD. The plethora of phytochemical antioxidants in fruits, vegetables
results of both types of studies have been mixed. Surveys ofand herbals. Nevertheless, at least in the models and exper-
early-life intake of various foods showed that subjects that imental conditions discussed above, Vit. E appears to be as
ate foods particularly rich in Vit. E were less likely to de- effective as CR in providing in vivo and in vitro antioxidant
velop PD in later lifg63,64] Similar findings were reported  protection.
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As for related single antioxidants such as Vit. C and effect of Ginkgo biloba extract on dissociated rat cerebellar
B-carotene, studies have been mixed and it has been difficultneurons suffering from oxidative stress induced by hydrogen
to ascertain from many of the studies their role in impaired peroxide and found that this treatment increased the number
cognition and brain aging. Many of these studies and addi- of ethidium neurons stained in a time-dependent manner.
tional ones are listed along with their findings in Youdim However, following pretreatment with Gingko biloba extract

and Josepl254]. the time-dependent increase in the number of dead neurons
during exposure to pD, was significantly delayed.
3.2. Phytochemicals These findings were replicated in a later study by Xin

et al.[247], in which the protective effects of this extract

From the above discussion, it could be postulated that was studied on apoptosis in cerebellar granule cells pro-
greater benefits might be achieved with respect to brain duced by treatment with #0,/FeSQ. This treatment in the
aging and neurodegenerative disease through the adminisabsence of EGb761 produced decreases in the Bcl-2 mRNA
tration of combinations of antioxidants/anti-inflammatories. levels and an increase in C Fos and C Jun. However, these
One method that may accomplish this is the increased di-decrements were attenuated by EGb761, or a mixture of
etary intake of foods or herbals that are high in antioxidants. flavonoids and terpenes, but not by terpenes alone.
Plants, including food plants (fruits and vegetables), synthe-  Similar findings were also reported by Bastianetto et al.
size a vast array of chemical compounds that are not involved[12] in hippocampal cell cultures. Their findings showed
in their primary metabolism. These ‘secondary compounds’ that the effects of oxidative stress were antagonized by either
instead serve a variety of ecological functions ultimately to EGb761 or its flavonoid fraction, CP 205, but not by the ter-
enhance the plant’s survivability and may be responsible for penoid constituents of EGb761. Moreover, EGb761, CP 205
the multitude of beneficial effects of fruits and vegetables and chelerythrine were also able to rescue hippocampal cells
on an array of health problems, two of the most important pre-exposed to sodium nitroprusside. Pre-treatment with
of which may be their antioxidant and anti-inflammatory EGb761 was also shown to be protective in neuronal cul-
properties. tures exposed to MPTR.76], but not 6-hydroxydopamine.

Since oxidative stress and inflammation appear to be in- More recently Bridi et al[20] have examined the capacity
volved in the signaling and behavioral losses seen in senes-of EGb761 to modulate endogenous lipid peroxidation and
cence, an important question becomes whether increasinghe activity of the endogenous antioxidant enzymes, cata-
antioxidant intake would forestall or prevent these changes,lase (CAT) and superoxide dismutase (SOD), in the hip-
and there are numerous studies in which a large variety of pocampus, striatum and substantia nigra (SN) of rats. In this
polyphenolic dietary agents have been employed to alter study, the authors found that EGb761 increased the CAT and
behavioral and neuronal deficits with aging, such as garlic SOD activities in the hippocampus, striatum and SN, and
(reviewed in[254]), herbals (e.g. ginseng or Ding Lang, decreased lipid peroxidation in the hippocampus.
reviewed in[24,254} tea[254]; and Ginkgo biloba, which Extracts of Ginkgo leaves have also been found to be
has been shown to have beneficial effects on behavioralprotective of free radical insults induced by experimen-
aging and perhaps AD, s§&0,36]for reviews). In fact, the tal manipulations in vivo. For example, Oberpichler et al.
standardized extract dBinkgo biloba, EGb761, has been [168]examined the effects @inkgo extract on free-radical
the subject of intense study. It contains numerous flavong- damage produced by hypoxia. In this study, the authors
lycosides and proanthocyanidins among other compounds.compared the effects of the flavone and the non-flavone
EGb761 is composed of 24% flavonoid glycosides; rutin, fraction of EGb761 with those of the whole extract in
the glycoside of quercetin, accounts for 11.1%. In addition mice undergoing lethal hypoxia (3.5%.)) on brain en-
to flavonoids, EGb761 consists of unique terpenes (3% ergy metabolism, and on local cerebral blood flow (LCBF)
bilobalide and 3% ginkgolides A, B, and @39]. Thus, of normoxic rats. They found that EGb761, as well as its
we will briefly review Ginkgo biloba’s beneficial properties  non-flavone fraction, considerably prolonged the survival
here to illustrate the effectiveness of the polyphenolics in time of mice under lethal hypoxia. Moreover, the authors

brain aging and behavior. also found that EGb761 retarded the breakdown of brain en-
ergy metabolism in the hypoxic, artificially-ventilated rats.
3.2.1. Gingko bhiloba Lastly, both non-flavone and EGb761 treatment increased

EGb761 has been used in the treatment of multiple dis- LCBF in the majority of 35 examined brain regions while
eases including cardiovascular and cerebrovascular diseaseahe flavone fraction caused only minor alterations of LCBF.
all of which have components associated with oxidative
stresg235]. In vitro, it is a potent free radical scavenger and 3.2.2. Ginkgo biloba effects on behavior
inhibitor of NADPH-oxidase, which significantly decreases  In a similar fashion to supplementation with Vit. E, sup-
superoxide radical, hydrogen peroxide, and hydroxyl radi- plementation withGinkgo biloba extract has been shown
cal production in human neutrophils stimulated with phor- to produce beneficial effects on behavior. An early study
bol ester[142]. Indeed, several studies have shown this to performed by Wintef243] demonstrated that acquisition,
be the case. For example, Oyama e{HI6] examined the  performance, and retention in mice during an operant
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conditioning task was facilitated when the subjects were dose-dependent manner, the increases in free radical pro-
supplemented with EGb761 daily, at a dose level of 100 mg/ duction, glucose uptake, apoptosis and cell death induced
kg orally for 4-8 weeks. More recently, Wintg44] exam- via A-B exposure. Based on these results the authors also
ined the effects of this supplementation on eight-arm radial examined whether EGb761 interacts directly witl3Aand
maze performance. Chronic administration of EGb761 at a found that EGb761 inhibits, in a dose-dependent manner, the
dose of 50 mg/kg in sweetened condensed milk five times formation of A3-derived diffusable neurotoxic soluble lig-
per week from 7 months of age had no effect on continu- ands (ADDLS), suggested to be involved in the pathogenesis
ous learning, but the same dose resulted in a trend towardof AD.
fewer sessions to reach criterion. In addition, findings indi-  Similar results have been shown in primary cultured
cate that the supplemented animals made fewer errors tharcells. For example, Bastianetto et Hl2] have shown that
their non-supplemented counterparts. When examining de-EGb761 concentration-dependently protected hippocampal
layed non-matching to position performance in aged rats, neurons against toxicity induced by g\fragments. More-
the administration of EGb761 resulted in a dose-dependentover, EGb761 was able to protect (up to 8h) hippocampal
decrease in total, retroactive, and proactive errors. Inter-cells from pre-exposure to $-25-35 and Ag 1-40.
estingly, a “CR-like” effect was observed in the rats sup-
plemented with the EGb761 in that they lived significantly 3.2.4. Ginkgo biloba effects in humans
longer than the control rats. Because of the association of AD with injuries due to
The beneficial effects ofGinkgo biloba on behavior reactive oxygen species injuries and the beneficial effects
have also been demonstrated when using passive avoidancef EGb761 on cognitive behavior in animals, the action of
paradigms. When EGb761 was given to young, middle EGb761 as an antioxidant has been tried as a potential treat-
aged and aged rats for a 3-week period, the authors demonment for Alzheimer’s type dementia.
strated that aged subjects performed indistinguishably from Le Bars et al[124] assessed the efficacy and safety of
younger subjects in passive avoidance learning tasks; how-EGb761 in AD and multi-infarct dementia by carrying out
ever, these effects occurred in the absence of membraneéx 52-week, randomized double blind, placebo-controlled,

fluidity amelioration in the older grouf226]. parallel-group, multi-center study. The patients in this study,
who were mildly to severely demented outpatients with
3.2.3. Neurodegenerative disease and Ginkgo biloba Alzheimer disease or multi-infarct dementia, were randomly

Based on the encouraging literature illustrating the ca- assigned to treatment with EGb761 (120 mg per day) or
pacity of Ginkgo biloba extract to attenuate oxidative stress placebo and evaluated using various cognitive and social
parameters and ameliorate behavioral output in aged ratsfunctioning scales shown to be sensitive in AD. In this study,
or in humans, there is increasing interest in examining EGb761 was concluded to be safe and capable of stabilizing
the effects of this extract on neurodegenerative diseaseand, in a substantial number of cases, to improve the cog-
such as AD. A recent study carried out by Ramassamy nitive performance and the social functioning of demented
et al. [187] examined the protective ability of EGb761 patients for 6 months to 1 year after treatment.
and other antioxidants in tissue of AD patients against In a follow-up study, the same gro(ip23] carried out an
oxidative stress insults. The authors found that EGb761, intent-to-treat (ITT) analysis to provide a realistic image of
the neurosteroid dehydroepiandrosterone (DHEA) and hu-the efficacy that could be expected after 26 weeks of treat-
man recombinant apoE3 (hapoE3rec) were able to protectment with EGb761. The data collected during the previous
control, AD APOE-3/3 and APOE-3/4 cases against hydro- study showed that 76% of the patients on placebo and 73%
gen peroxide/iron-induced lipid peroxidation. Nevertheless, of those supplemented with EGb761 reached the 26th-week
EGb761 and DHEA had no effect in homozygous E4 cases. visit. In comparison to the baseline values, the placebo group

Ginkgo biloba has also been shown to be effective in de- showed a statistically significant worsening in all domains

creasing neurotoxicity associated withBAtoxicity. Zhou of assessment, while the group receiving EGb761 was con-
et al. [262] examined the effect of bilobalide, a terpene sidered slightly improved on the cognitive assessment and
extracted from the leaves ddinkgo biloba, on the A the daily living and social behavior.

peptide fragment 25-35 (8- 25-35)-induced PC12 cell Other studies have examined the effects of this extract on

cytotoxicity, and found that decreases in cell viability after patients with various degrees of AD symptomatology dur-
24 h treatment with A3 were dose-dependently attenu- ing performance of various psychometric tasks. In one study
ated by bilobalide. Moreover, bilobalide also inhibited3A-  [145], the effects of EGb761 on AD type dementia were
25-35 (10Qumol/l)-induced elevation of lipid peroxidation examined using a placebo group and EGb761-treated group
and decline of antioxidant enzyme activities. EGb761 also (240 mg/3 times a day/3 months). The experimenters used

rescued the PC12 neuronal cells frompAnduced cell the SKT-test (a battery of cognitive performance tasks) to
death by inhibiting the formation of 8-derived diffusable assess the patient’s attention and memory, a multiple vocab-
neurotoxic ligands. ulary test to examine pre-morbid general intelligence lev-

Similarly, Yao et al[251] have recently demonstrated that els of the patients, a trail making test, and assessment with
pre-treatment of PC12 cells with EGb761 prevented, in a the ADAS questionnaire. Analysis of the data showed that
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3-month treatment with this extract showed significant im- for review), as well as at a CNS level. For example, aged
provement in the SKT test and trends toward improvement garlic extract Allium sativum, which contain&-allycisteine,

in the trail making test and ADAS score. Sallymercaptocysteine, allicin and diallosulfides) adminis-
tered at 2% (w/w) of the diet was shown to exhibit benefi-
3.2.5. Summary and conclusions cial effects towards cognitive impairments in a novel strain

Thus, the data with respect to EGb761 and its polyphe- of senescence accelerated mouse (SMN¥Y,160,166,261]
nolic compounds, just as was seen with respect to Vit. E, Although this treatment did not affect motor activity, there
have shown significant positive protective effects against were additional beneficial effects of the treatment reflected
both in vivo and in vitro oxidative stress, and they further in an increased survival rate, less atrophy in the frontal brain
indicate that there is some efficacy of EGb761 in cognitive areas, and enhanced performance in both passive and ac-
dysfunction in aging and AD. Importantly, it also appears tive avoidance, which the authors attribute to the antioxidant
that the polyphenolics may have some similar benefits to properties of the aged garlic extract.
those seen with respect to CR in that supplementation with  Although there have not been evaluations of antioxidant
EGb761 may increase longevity. In relation to longevity and activity in vivo, but only tested in vitro, garlic extract has also
supplementation with combinations of antioxidants, Bezlep- been shown to protect against oxidative stress-induced in-
kin et al.[16] have demonstrated that supplementation with creases in thiobarbituric-acid-reactive substances (TBARS)
a combination off-carotene, alpha-tochopherol, ascorbic [81,82], and to promote the survival of neurons derived
acid, rutin, selenium and zinc, given to C57/BI/6 mice start- from various regions of the neonatal brain (increased neu-
ing early in life (2-9 months) significantly increases sur- rogenesis]J161]. Until these effects are tested in the whole
vival (86-105 days) and mortality age by 9.5%. Clearly, a animal, and until the aged garlic extract components are
great deal of more work is needed in this area but the find- actually isolated and identified within the brain, the mech-
ings reviewed above indicate that by taking advantage of anisms involved in its protective effects are difficult to
the putative benefits of the dietary supplementation of the determine.
plant-based polyphenolic compounds, some of the deleteri-  Additionally, it is also important to determine the total
ous effects of brain aging may be reduced or forestalled. If antioxidant capacity of the foods under study. One method
this is the case, one question that could be asked may bes through the use of the oxygen radical absorbance capacity
whether the phytonutrients in fruits and vegetables would (ORAC) procedurd25,26,238] Various fruits and vegeta-

have similar effects. bles ranging from strawberries to spinach have been shown
to have a high antioxidant capacity using this procedure.
3.3. Dietary supplementation of antioxidants through foods Based on this evidence it is reasonable to hypothesize that

supplementation with fruits and vegetables will affect oxida-

There are over 4000 polyphenolic structures that occur in tive stress parameters in a similar fashion to that of Vit. E or
fruits, vegetables, nuts, seeds, and gr§i]. As briefly Ginkgo biloba. Moreover, and in a similar fashion to that of
mentioned above, they have been shown to possess antioxGingko biloba, the protection seen by fruits and vegetables
idant, anti-allergic, anti-inflammatory, anti-viral, anti-proli- may be produced by the antioxidant capacity of flavonoids
ferative, and anti-carcinogenic activiti¢$7,48,58,80,154, found in these foods.
155]. The literature is replete with studies showing that the  Even though the literature in this field is not as extensive
combinations of polyphenolic compounds found in fruits as that on the compounds described above, research indeed
and vegetables may reduce the incidence of cardiovascu-suggests that fruits and vegetable high in antioxidants do
lar and cerebrovascular disea$é®85,149,234Jand cancer  show similar properties to those of Vit. E a@iinkgo biloba
[38,242] Even lycopene extracts from single foods such as and that these effects may be mediated by antioxidant
tomatoes have been reported to have anti-tumor propertieslavonoid action. For example, Kawai et f105] examined
[207]. the effects of Manda, a product prepared by yeast fermen-

It has been known for several years that supplementationtation of several fruits and black sugar, high in various
with only one antioxidant may not be optinfal9], as more flavonoids, on lipid peroxidation in the senescent rat brain
than one of several endogenous antioxidants may be affectedy inducing hydroxyl radical activity via a FegeH»0,
during diseas{B,70,217] Moreover, some antioxidants may system. The authors found that addition of Manda to brain
be more effective than others at scavenging a variety of ROShomogenates of adult rats, incubation of brain homogenates
than others, again suggesting that it is the combination of with Manda for 2 and 3 h, and oral administration of Manda
the significant number of polyphenolics present in the fruits all suppressed the age-related increase in lipid peroxidation
and vegetables that may be responsible for the ubiquitousin the hippocampus and striatum but not in cerebral cortex.
beneficial effects observed. Another vegetable found to have antioxidant and anti-

However, until recently, few studies had examined the ef- inflammation properties is the broad bean, a fava bean rich
fects of fruits and vegetables on CNS aging and degenerativein various free radical scavengers. Okada and Okada]
disease. One such vegetable is garlic, which is known for its isolated the radical scavenger “water soluble protein” (WSP)
beneficial properties at a peripheral (e.g. cancer,[$28] from broad beans and examined their capacity to increase



760 G. Casadesus et al./Neurobiology of Aging 23 (2002) 747-769

various endogenous antioxidants. In this study, cells were of supplementation of the diet with CLP; nevertheless, the
treated with WSP or hydrocortisone (also shown to inhibit differences did not reach statistical significance.
lipid peroxidation) for 4 and 6 weeks in young cells, and for ~ The effects of fruit and vegetable antioxidant activity
3 and 6 weeks in old cells, and found that both treatments have also been shown in aging. In this case, the authors
increased the endogenous activity of catalase as well as theehose to examine the changes in response sensitivity of
GSH concentration. muscarinic receptors (mAChR) that have been shown to
While it may be too early to identify the particular phy- occur as a function of age and are sensitive to oxidative
tonutrients in fruits and vegetables that are responsible stress[91,98] These changes are expressed downstream
for these beneficial effects, there have been a few studiesas reductions in inositol-tris-phosphate {JRevels (see
which have examined the characteristics of some of the [138,197]for review), and upstream as decrements in losses
most effective polyphenolics. For example, Ishige efaf] in carbachol-stimulated GTPase activity (G protein cou-
have recently examined potential protective mechanisms pling/uncoupling249]) and oxotremorine-enhanced striatal
of flavonoids in cell death in mouse hippocampal cell line dopamine release (OX-%ERDA) in the aged rodent. The
HT-22, using a model system in which exogenous glutamate loss of mMAChR sensitivity is exacerbated in AD and under
inhibits cystine uptake and depletes intracellular glutathione oxidative stress (sef9,197]for reviews). It also appears
(GSH), leading to the accumulation of ROS and an increasethat there are similar decrements in GTPase signaling in DA
in C&t influx, which ultimately causes neuronal death. receptorg97]. Using these parameters, Joseph efl4]
Findings indicated that many, but not all, flavonoids protect examined whether long-term feeding of Fischer 344 rats,
HT-22 cells and rat primary neurons from glutamate toxic- beginning when the rats were 6 months of age and continu-
ity as well as from five other oxidative injuries. They also ing for 8 months, with diets supplemented with a strawberry
found that at least three structural requirements of flavonoids or spinach extract (which had been identified by the ORAC
must be present for protection from oxidative stress injury: assay as being high in antioxidant activity), could prevent
(a) hydroxylated C3, (b) an unsaturated C ring, and (c) the age-related loss of mMAChR sensitivity by assessing
and hydrophobicity. An earlier studit30] had shown that  carbachol-stimulated GTPase activity and OX-ERDA.
the requirements for effective antioxidant activity and the In addition, they also assessed cognitive performance on
ability of the flavonoids to protect PC-12 cells could be the Morris water maze. The results indicated that when
defined by the number of hydroxyl groups on the phenolic given control diets or those supplemented with strawber-
rings. ries or spinach extracts, or Vit. E, the spinach-fed rats
Similarly, Youdim et al.[252] showed that the antho- demonstrated the greatest retardation of age-effects on all
cyanin class of flavonoids derived from blueberries had parameters except GTPase activity, in which strawberry ex-
greater antioxidant effects and cell-penetrating ability (in tract had the greatest effect. Thus, phytochemicals present
erythrocytes) than hydroxycinnamic acids. Along these in antioxidant-rich foods such as spinach may be benefi-
same lines, Ishige et al89] showed that flavonoids used cial in retarding functional age-related CNS and cognitive
various mechanisms of protection such as increasing intra-behavioral deficits.
cellular GSH, directly lowering levels of ROS, and prevent-  Cerebellar beta-adrenergic receptor sensitivity, hippocam-
ing the influx of C&" despite high levels of ROS. These pal C&" buffering capacity, motor and Morris water maze
findings suggest that the mechanism of protection from performance also show deficits in agifitjr,119,188] In
oxidative insults by flavonoids may be highly specific for this regard, it has been demonstrated that supplementation
each compound. That may explain why, as discussed belowwith various antioxidant-rich fruits and vegetables reverses
a combination of various flavonoids from fruits and vegeta- age-induced declines in beta-adrenergic receptor function
bles may be especially powerful in altering the deleterious in cerebellar Purkinje neurons. The authors found that the
effects of brain aging and nutritional deficiencies. spinach dietimproved learning on a runway motor test, a task
As an example of the latter, a recent stu@p0] has modulated by cerebellar norepinephrine, and the MWM, a
examined the capacity of polyphenols to reverse some oftask modulated by aging, thus suggesting age-related deficits
the damage produced by Vit. E deficiency. In this study, in motor learning and memory can be reversed with nutri-
the authors evaluated the effect of crude polyphenols (CLP) tional intervention18].
from cacao liquor on Vit. E-deficient rats. Supplementation  Similarly, Joseph et al[103] found that dietary sup-
of the Vit. E-deficient diet with CLP for 7 weeks was found plementation (for 8 weeks) with spinach, strawberry or
not to prevent the decrease in alpha-tocopherol levels in theblueberry (BB) extracts in an AIN-93 diet was effective
liver, kidney, heart, and brain. Moreover, plasma and tissue in reversing age-related deficits in neuronal and behavioral
lipid peroxide increased in the group fed the Vit. E-deficient (cognitive) function in aged (19 months) F344 rats. How-
diet when compared to the control group. However, these ever, only the BB-supplemented group exhibited improved
changes were shown to act dose-dependently as a result operformance on tests of motor function. Specifically, the
supplementation of the Vit. E-deficient diet with CLP. That BB-supplemented group displayed improved performance
is, increased levels of lipid peroxide in plasma in the Vit. on two motor tests that rely on balance and coordination
E-deficient diet group tended to be suppressed as a resul{rod walking and the accelerating rotarod), while none of the
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other supplemented groups differed from control on these oxidative stress-induced neuronal changes and behavior.
tasks. All diet groups, but not the control group, showed im- Most studies have been performed on herbal extracts such
proved working memory (short-term memory) performance asGinkgo biloba or even garlic extract (see citations in the
in the Morris water maze, demonstrated as one-trial learning previous sections for reviews). However, the fact that these
following the 10 min retention interval. Significant increases extracts not only affect oxidative stress and inflammatory
in several indices of neuronal signaling (e.g. MAChR sensi- parameters but also affect more general central nervous sys-
tivity) and reversals in age-related “dysregulation™fCa tem activity such as neurotransmitter functid24], blood
buffering capacity were also found. Examinations of ROS viscosity and blood flow propertied82], signaling[37]
production in the brain tissue obtained from animals in the and anti-stress actiofil58] suggests that the deleterious
various diet groups indicated that the striata obtained from effects of aging may be slowed down through the intake of
all of the supplemented groups exhibited significantly lower appropriate nutrients.
levels of ROS activity (via DCF, 'Z’-dichlorofluorescin One event that becomes evident early on is the fact that
diacetate, assessments) than the controls. various components of these fruits and vegetables attenuate
A subsequent study using a BB-supplemented NIH-31 different types of oxidative damage. As seen in the studies
diet replicated the previous finding@53]. However, it was examining the effects o6inkgo biloba, for example, the
clear from these supplementation studitd3,253]that the flavonoid fractions were better at attenuating lipid peroxida-
significant effects of the supplements, especially the BBs on tion [12] while the terpenoid constituents were more effec-
both motor and cognitive behavior, were due to a multiplicity tive in reversing damage produced bypN262]. Moreover,
of actions, in addition to those involving antioxidant and as shown by Ishige et a[89], flavonoids, a “family” of
anti-inflammatory activity. active ingredients in fruits and vegetables, can modulate
Given the efficacy of the BB supplementation as compared oxidative stress damage via a wide array of mechanisms.
to the spinach and strawberry supplements, examinations Based on this evidence, it seems plausible to assume that
were carried out in an attempt to determine any additional the complex interaction of the substances in foods such as
beneficial effects of BB supplementation on various neuronal fruits and vegetables may be much more effective and much
parameters. Preliminary findings indicate that supplementa-less expensive than the innumerable variety of anti-aging
tion with this fruit may: (a) modulate neurogenesis in the supplements found in today’s market that are reported to
hippocampug61], (b) increase the protection against the in contribute to “successful aging”. The question still arises,
vitro application of the inflammatory agent, TNE-on the though, as to whether it might be more expedient to achieve
expression of HSP-70, and (c) restore the HSP-70 responsésuccessful aging” through a diet containing an abundance
to inflammatory stress in senescent aninjaly. of fruits and vegetables, especially those that are high in
Moreover, BB supplementation from weaning to 12 antioxidant activity, than via CR.
months of age in mice transgenic for amyloid precursor
protein (APP) and PS1 mutations showed region-specific
up-regulation of PKGx and ERK 1/2 activities in brain 4. General discussion: CR versus phytonutrients
regions linked to cognitive behavior (Y-maze performance)
[37], and increased levels of expression of calcium-depen- From the literature reviewed above, it is clear that
dent PKC8, an enzyme that has been linked to spatial oxidative stress plays a definite role in aging and neu-
memory[153]. Similarly, it was also demonstrated that BB rodegenerative disease. Both CR and phytonutrients can
supplementation increased carbachol-stimulated GTPasaeduce oxidative stress damage that is experimentally in-
in the hippocampus and striatuf@7]. These parameters duced or age-related. However, what is also evident is that
showed significant correlations with Y-maze performance both interventions: (a) are effective in reducing age-related
in that increased expression of these signaling agents wadree-radical induced damage, and (b) can alter, forestall, or
associated with enhancements in this behavior. Therefore reverse many of the deleterious effects of aging. Thus, the
it could be speculated that there might be direct effects on goal then becomes not to find which intervention is better
signaling by the polyphenolics in the BB that may occur but which one is more easily applicable.
independently of the antioxidant or anti-inflammatory ef-  While there is a wide diversity of findings described in
fects. This possibility is being further investigated, but it antioxidant supplementation studies, possibly due to the
is clear that there may be a plethora of positive effects of many doses of antioxidants used, the varying modalities
these phytonutrients in both aging and, thus far, at least oneof administration, time course of studies, and variety of

model of AD. methodologies, most studies demonstrated that dietary an-
tioxidants play a role in preventing and slowing down
3.4. Conclusions age-related neuronal and behavioral impairments related

to insults by reactive oxygen species. Moreover, while the

Compared to the variety of nutrients present in the diet, mechanisms by which fruits and vegetables work have not

phytochemicals have been the subject of relatively little been established, it is clear from epidemiological data that
research on the effects of these nutrients on age-related andliets rich in antioxidants play a pivotal role in maintaining
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health [55]. In addition, the flavonoids in fruits and veg- 4.2. Effectiveness
etables can modulate oxidative stress damage via a wide
array of mechanisms and are involved in other physiolog-  Similarly, it is difficult to establish the effectiveness of
ical actions, such as reduction of inflammatory responsesCR in humans. CR has been shown to ameliorate cognitive
[115,157] Furthermore, the risk of side effects or adverse performance in laboratory anima]$3,185] Nevertheless,
reactions, by eating a diet that is high in fruits and veg- when one takes into account that laboratory animals housed
etables, is virtually null. This is an extremely important under standard conditions tend to eat more than animals
consideration, since it suggests that many of the adverse efhoused in other environmenfs35] and the fact that high
fects of aging can possibly be mitigated dietarily with very caloric intake has been shown to also impair some cogni-
little risk. Furthermore, while supplementation with one an- tive function[135], it may be possible that the behavioral
tioxidant (Vit. E) has not been shown to increase longevity amelioration seen in diet-restricted animals is not due to this
[162], research suggests that Vit. E given in combination intervention but due to a reduction in excessive food intake.
with other antioxidant agents may increase survival in ro- In this regard, it has been shown that reduction of food in-
dents[16]. More importantly is the fact that, as pointed take and dieting in humans leads to decreased cognitive per-
out above, it may be possible to increase longevity with formance[66,77] thus, chronic dietary restriction may lead
polyphenolics (EGb761[R45]. to negative mood and lower cognitive performance, hence
As we have reviewed in the case of phytonutrients, there clearly not enhancing quality of life.
are also a great deal of data outlined in numerous reviews More importantly, dietary restriction in humans has been
(e.g.[146]) showing that CR has the capacity to attenuate associated with bingeing.70,186,240] Corwin et al.[33]
age-related damage, and therefore, as a procedure to studijave demonstrated that if a preferred food is withheld for
the mechanisms of aging (e.g. the role of free radicals, en-a period of time and then presented for a restricted amount
ergy metabolism) it is a powerful tool. However, if the issue of time, rats will increase the amount of intake during these
becomes one of extending this intervention to humans as atimes and will compensate for the excess energy consumed
means to reverse or forestall the deleterious effects of ag-for up to 48 h. Thus, limiting access to preferred foods may
ing, there are several important considerations which are ascontribute to the development of aberrant binge-type be-

follows. haviors and may end up jeopardizing the beneficial effects
of CR.
4.1. Compliance Additionally, Das et al.[34] have found that resting

energy expenditure was significantly attenuated in aged ani-

As is well known, the popular media contains numerous mals after a 6-week hypocaloric diet. These animals showed
references to diets of various kinds, and at the last exami-greater subsequent weight loss when compared to younger
nation there were almost 2500 citations in Medline for diet subjects and exhibited an impaired ability to regulate food
and weight loss. Despite this, the proportion of people in intake for at least 6 months following the hypocaloric diet.
the US who are obese continues to rise. For example, Nick-If one considers that total energy intake may vary (decrease)
las et al[165] have reported that one in four children in the by 1000-1200kcal in men and 600-800kcal in women,
US is overweight and 11% are obese. These children havethen it may be that for some nutrients older Americans
a 1.5-2-fold higher probability for becoming overweight as are only receiving 1/5 to 1/3 of the recommended dietary
adults. Additionally the increases in weight and obesity that allowance[236]. Thus, what would be the result of recom-
were assessed from 1983 to 1994 increased by 50% ovemending CR in a middle-aged or aged group? Note that for
that found from 1973 to 1982. The question that arises from the Joseph et dl103] and Joseph and Youdif54] studies,
these considerations is that, given all of the diets and otherthe supplementations were begun in senescent animals and
aids available, why is obesity such a problem? The answersignificant effects were observed. Would the same be true
is compliance. If this is the case how would one go about for CR in either humans or animals? As shownTable 1
getting people to comply with a lifestyle change where their of this review, the overwhelming majority of studies exam-
caloric intake would drop by 20-30%? More importantly ining CR effects in aging parameters place the animals on
what foods would they include in such a calorically restricted this regimen soon after weaning. Moreover, Lipman et al.
diet? Anderson and coworkers have reviewed studies show-[131,132] has demonstrated that the beneficial effects of
ing that higher fat diets (where weight loss is possible) in- CR are lost if the regimen is begun during mid-life or early
crease serum cholesterol and, thus, coronary heart diseassenescence. Thus, it seems that supplementation with fruits
(CHD), while diets low in saturated fat would lower serum and vegetables may be more effective than CR when the
cholesterol and risks for CHD. It must be remembered in intervention is begun later on in life.
nearly all of the CR studies that only the calories were re-  Various epidemiological reports have been cited as ev-
stricted and the diet composition was well controlled for idence for the beneficial effects of dietary restriction in
the amount of vitamins, minerals, etc. So, in a human what humans[21,79] Nevertheless, these data can easily be
would comprise the restricted diet that is allowed? Would interpreted in different ways. For example, Bronner cites
the saturated fat, fiber, etc. also have to be controlled? lower calorie intake in China and Japan as an explanation
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for lower incidence of AD; nevertheless, it is well known Food in our species is an entity that is not only related to
that Asian diets are particularly high in phytoestrogens (soy health but also to culture and socio-economical status. Thus,
products)164] and omega-3 fatty acids (fisfl)72], both of it may be that a diet high in fruits and vegetables and low in
which have been shown to be potent antioxidd6€5231] fat is by default a diet low in calories and people following
and beneficial in agin¢l93]. Thus, it is difficult to assess an appropriate diet and exercise regimen are already prac-
whether decreased incidence of AD in these countries isticing a form of CR. Therefore, it seems more appropriate
due to CR or higher intake of antioxidants. to propose a diet rich in fruits and vegetables, which has the
Similarly, with regard to lower incidence of AD in non- added benefits of antioxidant and anti-inflammatory effects,
industrialized countries, it is known that less-industrialized as well as putative direct effects on neuronal signaling and
countries rely to a higher degree on agricultural products physiological and mental well-being that come from these
(fruits and vegetables) and less high-fat, processed foodsnutrients. More importantly, it appears that this diet can be
than do inhabitants of industrialized countrigx7,127] initiated at any point in the life span with positive effects,
Thus, once again, it is difficult to examine these data as con-while CR seems to produce its most beneficial effects when
vincing evidence for the beneficial effects of CR in humans. begun early in the life span.
At the moment the mechanisms by which either food re-
4.3. The hormesis effect striction or fruits and vegetables exert their effects has not
been established; however, if we examine the pros and cons
As pointed out earlier in this review CR has also been of the two interventions, CR seems to carry more risks than
hypothesized to act via a priming of the stress response indoes increasing the dietary intake of antioxidants through
these animals. That is, mild stress resulting from CR primes fruits and vegetables. Therefore, until the issues discussed
stress responses, in particular neuroprotective responses inabove concerned with CR in humans are elucidated, we may
duced by stress, which then protect the central nervous sysbe able to “have our cake and eat it too” (as long as it is
tem from additional insults. While the data described above low-fat carrot cake).
does validate this hypothesis, paradoxically, CR has also
been shown to increase the levels of glucocorticoids, which
are known to cause a wide array of disturbances both periph-References
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